Light scattering measurements from a searchlight beam were carried out in New Mexico to determine the aerosol properties of the atmosphere. Although data were acquired to an altitude of about 70 km, the results show the aerosol attenuation parameters to be significant to about 35 km. The expression for the aerosol attenuation coefficient is derived based on the field geometry in conjunction with Rayleigh and aerosol scattering considerations. The results are categorized into moderate-structured, medium-structured and full-structured aerosol profiles. Examples of each are discussed and measurements presented which show variation over a 6-h period. A quantitative examination is made of the 20-km aerosol layer. Also, a medium-structured profile is selected and treated more extensively to provide preliminary information pertaining to atmospheric scattering and transmission. Ultimately, the data accumulated will provide a substantial number of profiles that will form a basis for various atmospheric studies.
Introduction
A knowledge of atmospheric aerosol properties is necessary for the solution of many research and applied problems. Transmission, visibility, astronomical seeing, meteorological tracing, and turbulence are a few important examples. In nearly all of the problems concerned with the interaction of light with the atmosphere, the aerosol attenuation coefficient in the troposphere and stratosphere emerges as an indispensable and little-known parameter. The purpose of the investigation is to determine quantitatively this and related parameters using the searchlight technique.
Although measurement capability at 0.55 u wavelength is about 70 km, the altitudes of interest will be restricted up to 35 km because above this altitude the measurements show that aerosol attenuation can be neglected.
There has been much emphasis on aircraft, balloons, and rockets in the pursuit of this research discipline. However, ground-based remote sensing methods have great merit. First, they have the important capability of performing true in situ measurements. Then there is the added advantage of being able to acquire large quantities of data hour after hour and day after day at relatively small cost.
Measurement of twilight intensity as a ground-based technique for aerosol studies was used by Bigg', Rozenberg 2 , and Volz and Goody. 3 It has, however, some distinct limitations. The method entails long slant paths (about 1000 km), sampling of inordinately large
The author is with CRO, AFCRL, Bedford, Massachusetts scattering volumes (20 km wide as an example), the use of the angular portion of the phase function which slopes steeply, and generally the need for a multiplicity of assumptions. Aerosol measurements using the searchlight technique were pioneered by Hulburt 4 who photographed the beam. The results indicated aerosol scattering to an altitude of 11 km. The bibliography of USSR workers in this field is considerable. Prominent is the work of Khvostikov 5 and Rozenberg 6 who used photographic, polarization, and photoelectric methods. The work of the Russian investigators was limited by the omission of beam modulation-one of the important requirements for this type of research. A clear atmosphere and sites at altitudes above ground haze are other necessary factors for reproducibility of the measurements. Detection of aerosol concentrations by using a ruby laser has been reported by Grams and Fiocco 7 , by Clemesha et al. ' and by Collis and Ligda. 9 In this paper, the method for conducting aerosol measurements with searchlight probing is developed. The aerosol attenuation coefficient as a function of altitude is the primary objective. Observations were started in New Mexico in December 1963. The instrumentation, measurement procedures, data processing, and a portion of the results for 0.55 u are now finalized and will provide the substance for the material to follow. Figure 1 presents the searchlight scene geometry.
II. The Energy Transfer Equations
The projecting mirror is parabolic with a diameter of 91.4 cm; its elevation angle is fixed. The collecting mirror is identical and scans up or down the beam with elevation angle Od. The beam and field of view are where A = scattering angle, J(O,) = intensity of angularly scattered light (W/sr), (k,) = (molecular + aerosol) volume scattering function (cm-'), and L = length of scattering volume (cm); (c) scattering volume to detector Fd = J(00Td , (3) where Fd = total energy at detector (W), Td = transmission (molecular + aerosol) scatter volume to detector, and w = solid angle subtended by collector with apex at element of scattering volume (sr).
Combining Eqs. (1), (2) , and (3), the energy at the detector is Fd = FTTdLo#(0,). And combining Eqs. (5), (6) , and (7), Table I . Since the divergences of the beam and collecting field are small, the opposing extremities of the scattering volume are nearly equal, both angularly and in length. From the scene geometry (Fig. 1) , the equations for the energy transfer are as follows:
(a) source to scattering volume
where Fr = total energy of source (W), T = transmission (molecular aerosol) source to scatter volume, A = area (normal to beam axis) at scattering volume, receiving incident radiation (cm 2 ), and E radiance incident on area A (W/cm 2 );
(b) at the scattering volume 
Here p = 750 and C is the constant. The instrumentation response to the scattered energy is linear, so E = C2Fd. Also, measurements show that the variation of source intensity for each scan is small, so F can be assigned the constant C 3 . If the constants are combined so C = CC 2 C 3 , Eq. (4) becomes Ep = CTsTdo3(o,). (9) Rearranging the transmissions and expressing the volume scattering function by its components, TTd = TT, (10) and
The definitions are T = total transmission source to scatter volume, Td = total transmission detector to scatter volume, T, = Rayleigh transmission for both slant paths, T = aerosol transmission for both slant paths, ,/3r = Rayleigh attenuation coefficient (cm-'),
= normalized Rayleigh phase function (sr-'), and
Eq. (9) takes the form
where E = instrumentation response (V) = proportionality constant (V cm sr). (12) and C
The Aerosol Scattering Equation and Its Solution
Equation (12) The ordinate is designated as the relative response since these values are normalized to unity at 35.3 km. Also shown is the calculated Rayleigh response for identical conditions. As in other measurements, the curves nearly converge over the last few kilometers. Accordingly, at about 35 km, aerosol scattering is assumed to be sufficiently small so that it can be neglected. Then Eq. (12) for these conditions becomes
Here 1320 corresponds to the scattering angle for the 35.3-km altitude. Combining Eqs. (12) and (13), the altitude variation of the aerosol attenuation coefficient is expressed by
As mentioned, the terms E,,(h) and Erp (35) are obtained from the measurements. All the Rayleigh terms are calculated by using the atmospheric attenuation model tabulations'"" for 0.55 ,u wavelength. The Rayleigh phase function is P,(,O) = 0.75 (1 + cos2',). Assuming for the present that the aerosol phase function is established, then Eq. (14) has one unknown because T,(h) can be expressed in terms of p3(h): (15) Tp(h) = exp-E ~,(h)Ah secZ(h), 2.76 where $,-= mean value of p, for the atmospheric layer (km-'), Ah = layer thickness (km), and Z(h) = sum of the secants of the zenith angles for the beam and collector field slant paths.
Since #, exists in the transmission term as an exponential, the solution of Eq. (14) is not analytic. The method used is an iterative-convergent procedure. The iteration is started by using the atmospheric attenuation mode1l'l 0 " for 0.55 bu to calculate an initial series of aerosol transmission values T,(h) applicable to the field geometry. Having done this, the model values of T,(h) have no further function. The iteration procedes as shown in Fig. 3 until convergence is attained. Eq. (14) then yields a final set of fl(h).
As to the choice of the aerosol phase function P, (O 8 9 and others who made important contributions to this area of research. The criteria finally considered for the choice of the phase function were (1) that its derivation should be from field measurements with a meteorological range of at least 30 km, and (2) that the phase function should permit Eq. (14) to converge within a reasonable number of iterations. The results of Reeger and Siedentopf (and there are others) readily meet these criteria. The aerosol phase function was derived from their measurements (see Fig. 4 ).
IV. Instrumentation
The methods follow those used previously 20 2 ' but with considerable modification. The beam intensity is modulated by a shutter mechanism fronting the searchlight, as shown in Fig. 5 . The modulation, 20 c/s, represents a compromise between a desired high modulation frequency and the mechanical spin limitation of the shutters. An auxiliary detector, mounted on the beam modulator, monitors the source intensity and generates a signal which is synchronous with the modulation. The synchronous signal is transmitted to a site 30.2 km distant, where the optical collector, synchronous detector, and amplifier are located. The collector mirror and the photomultiplier assembly comprise the sensing device. The detector-filter response peaks at 0.55 ,u and has a wavelength bandwidth at the half-amplitude response approximating 550 A.
V. Sky Background
The measurements were conducted during moonless nights so the sky background would be minimized.
Although modulation of the beam contributes greatly to isolating the desired scattering from the sky background and other spurious sources, it does not completely effect isolation. The sources of the background level are (a) the star field and airglow (direct and scattered), (b) secondary and higher order scattering from the beam, and (c) instrumentation noise.
Probably the major source is direct and scattered light from the star field and the night airglow. Beam modulation with synchronous rectification is effective in suppressing these sources, but not entirely so. The incidence of modulated and unmodulated energy on the photomultiplier results in a shot noise spectrum, part of which is passed by the bandwidth of the amplifier (0.02 c/s). Secondary and higher order scattering from the beam enters the field of the collector mirror for the most part at low altitudes (regions of relatively high atmospheric molecular density), but is considered small due to 30.2-km separation of the sites. Finally, the photomultiplier dark current and other instrumentation noise contribute to the signal background.
The signal-to-noise ratio at 35 km exceeds twenty and increases rapidly at lower altitudes.
VI. Observations and Results
The data obtained is in the form of a continuous trace on the chart recorder. The elevation angle Sbd is recorded automatically on the chart along with the response to the scattered light. Subsequently, the response is digitized at I intervals as in Table I . The results based on sampling of a year's measurements show that it is convenient to categorize the aerosol distributions derived from the data, into moderatestructured, medium-structured and full-structured profiles.
Following through on the measurements discussed in Fig. 2 , the response values were used in Eq. (14) and the resulting aerosol attenuation coefficients were plotted automatically from the punch card computer output, as shown in Fig. 6 . The Rayleigh coefficients and the extinction coefficients (Rayleigh + aerosol) are included. The character of the aerosol curve places it in the category of a medium-structured profile. Since the aerosol coefficients primarily are proportional to the aerosol number density, the profiles are discussed accordingly. The aerosol density drop over the lowest few kilometers is usual. The diminution then is relatively smooth to 16 km and is followed by a region of aerosol concentration with a maximum at 18 km. For the region 2.8 km down to sea level, extrapolation was carried out to conform with the 0.55 /i tabulations of the atmospheric attenuation model. 9 The profile in Fig. 7 is an example from the moderatestructured category. Here the aerosol number densities between 4 km and 15 km show relatively little change. The identity of the 20-km layer is poorly defined.
The staggered scale presentation in Fig. 8 shows a series of profiles taken over a 6-h period. These profiles are categorized as full-structured.
This body of data was obtained consecutively except for periods of interim activity pertaining to operational requirements. The low altitude concentration shows a maximum at 5 km in profiles A, B, and C. During the night, the maximum becomes less defined and in profile E acquires a simple logarithmic distribution (2.8-6.5 km). Next, a tropopause concentration with a maximum at about 9 km is evident, but this region increasingly loses its identity in profiles D and E. There follows a region of aerosol concentration above the tropopause (12-23 km) which persists through the night. It may well be identified with the 20-km aerosol layer determined by the direct measurements of Junge et al. 22 Finally, a 26-km maximum shows surprising temporal integrity. Above 28 km, the decreasing values indicate a quasi-Rayleigh atmosphere.
The usefulness of the 3,(h) profile for obtaining quantitative information can be readily demonstrated.
In Fig. 8 , profile C, the aerosol concentration usually designated as the 20-km layer, can be examined with considerable detail. It is well-defined, asymmetrical, and extends in altitude from 12.7 km to 23.2 km (Table  I) Up = E ,p(h)h, 12.7 (16) where ,(h) is the mean aerosol attenuation coefficient (km-') for each altitude increment, and h is the altitude increment (km) as designated in Table I . This leads to the value r = 0.01 which is modest but important in applications requiring large zenith angles.
The slant path transmissions through the layer due to Rayleigh and aerosol attenuation were obtained with Eq. (15) and are shown in Fig. 9 .
VI. Error Considerations
Here, it will be convenient to designate a set of measured values E,,(h) as the input profile and the computed aerosol attenuation coefficients /3(h) as the output profile.
Examination of Eq. (14) shows that the term Er, km. Then the presence of noise may cause the measured value to be less than the corresponding Rayleigh value which is an unacceptable condition. Accordingly, the procedure was adopted where the input profile is smoothed for the last few kilometers.
The computer then examines the derived , 1 13(h) exist. The iteration then continues with no further adjustments until convergence is obtained. This procedure effectively corrects E 7 , (35) for noise and background.
The angular pointing error when scanning the beam upward or downward approximates i 0.1 . This is equivalent to an error of 0.05 km to 0.09 km, depending on the altitudes of measurement.
It is reasonable to estimate that the other functional aspects of the measurements can result in about 5% or 6% error in the Erp(h) values. If systematic (always negative or positive), this percentage applies to the entire input profile, and the resulting output profile will be unaffected because we are dealing with ratios, Ep(h)/Ep (35). However, a part of the input profile subjected to a 5% change results in considerable error due to the summation procedure, Eq. (15) . This is demonstrated by choosing a severe example of error simulation, i.e., increasing the E, (h) values over a substantial portion of the input profile (approximately 27 km) of Table I . If these are increased by 5%, the output profile values change 28% at 2.76 km and 40% at 29.7 km. A corresponding 6% increase results in changes from 33% to 48%.
In instances where convergence cannot be attained, the data is abandoned. Usually, failure to converge is attributed to high values of E,,(h) for altitudes under 5 km, caused by heavy dust or thin clouds.
Vil. Concluding Remarks
The results discussed may be considered representative, but there are some reservations. This is because they were selected rather than based on averages. A substantial number of measurements now comprise a data bank that will be used for atmospheric transmission studies. The material also has good potential for other investigations such as nocturnal and seasonal trends of aerosol concentrations, effects of volcanic action, correlation studies with radiosonde and ozonesonde measurements.
An understanding of the atmospheric processes involved is best obtained with a sampling as large as possible. Results and interpretation based on data in quantity will be the subject of a future paper.
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